A technique for the measurement of diffuse X-ray scattering by a combination of an energy-dispersive detector and a source of white X-rays is described by taking the instrumental resolution into account. A high-power X-ray generator was used to generate white X-rays. The short-range-order (SRO) diffuse scattering from Au4Mn alloy was measured and the Warren-Cowley SRO parameters of this alloy were determined up to the 50th shell. The results are in good agreement with those obtained by the angledispersive technique. Possible application of this method with the use of X-rays from a synchrotron radiation source is presented.
Introduction
In an early application of energy-dispersive detectors to X-ray diffractometry, Fukamachi & Hosoya (1973) studied the feasibility of reducing the measurement time by utilizing the technique to study diffuse scattering from single crystals. They showed that the technique was applicable by observing thermal diffuse scattering, but made no detailed comparison between experimental and theoretical results, partly because of the lack of knowledge regarding the resolution of their system. This technique has not been applied subsequently to any diffuse scattering from a single crystal. Advantages of this particular technique are considered to be:
(1) simultaneous observation of all the intensities along a line through the origin of the reciprocal lattice;
(2) the characteristics of the detector eliminating fluorescent radiation from the specimen and )./2 component; (3) shorter measurement time. This technique is essentially the same as TOF (timeof-flight) neutron spectroscopy when it is applied to be determined from the observation of several Bragg reflections by selecting X-rays with a suitable energy E from white radiation. This crystal-setting procedure is not particularly different from the technique used for a four-circle diffractometer with monochromated X-ray beam. In order to obtain the UB matrix with better accuracy it is recommended to use a characteristic X-ray because the energy broadening of SSD, A E/E, is usually of the order of 0.5 x 10-3 and not better than the energy bandwidth of characteristic X-rays, , ~10 -4 It is possible to obtain any diffraction pattern along the line through the reciprocal-lattice origin by simply adjusting the crystal orientation with Z-and ~0-axis rotations in which the detector can be set at any angle 20 and the 09 axis at 0. Since the photon energy E is related to the magnitude of the scattering vector Q (IQI = 4x sin 0/2, 2 is the wavelength of the X-rays) by momentum conservation,
one such spectrum is described by polar coordinates (Q, z, q~), where X and ~o are not only the angles representing the direction of the scattering vector Q, but also correspond to the Z and ~o angles of the fourcircle goniometer as shown in Figs. 2(a) and (b), respectively. It should, however, be noticed that the diffraction pattern or intensity profile along the line is usually modified by the incident-beam spectrum, although the polarization factor is constant for all the diffraction patterns in this measurement. Since the employment of a four-circle goniometer enables us to measure the diffuse scattering with the symmetrical reflection condition, for a plate-like specimen, absorption correction, which is given by 1/2/~ (/1 is the absorption coefficient), can easily be made by simply taking into account the energy dependence of the linear absorption coefficient.
Instrumental resolution
The diffraction profile observed does not represent the intrinsic diffraction pattern. It is a convolution of the diffraction pattern and instrumental broadenings due to various causes such as energy resolution of SSD, divergence of incident X-ray beam, size of receiving slit and the mosaic spread of the sample crystal. At first we discuss only the broadening arising from geometrical origins, i.e. divergence of incident beam and receivingslit width, and then include the effect of the broadening due to the SSD system. Instead of examining the Fig. 2 . Relation between the normal of the crystal plane N' and the rectangular coordinates X, Y and Z, fixed to the four-circle goniometer. In (a), the Y axis is taken to be perpendicular to the 7. plane and also the Z axis and is parallel to the to and 0 rotation axes. The X axis is therefore in the 7. plane. In (b), any scattering vector Q is represented in terms of polar coordinates E, X and ~o. Q can be brought into Q' along the X direction by X and q~ rotations.
profile of the resolution function itself, let us consider here the size of the resolution function in reciprocal space. We may define it by specifying a region into which all the X-rays scattered are admitted to have the same energy E by an ideal energy-dispersive detector system having an infinitely narrow energy width. This region in reciprocal space is approximately represented by a parallelepiped on the pointed end of the scattering vector Q, as shown in Fig. 3 . It is surrounded by three sets of parallel planes each of which is separated by AG~, AG 2 and AG 3. The directions of G1 and G 2 are parallel to the directions of the scattered X-ray K and the scattering vector Q, respectively, and the direction of G 3 is perpendicular to the vectors K and Q. Let us call this region the resolution parallelepiped hereafter. The sides of the resolution parallelepiped, AG1, AG2 and AG3, are given by writing E for 1/2 from the well-known relations obtained for the measurement of diffuse scattering with a monochromatic X-ray beam (Sparks & Borie, 1966) ;
where AOh and AO,, are the horizontal and vertical divergence angles of the incident X-rays; A~Ph and A~pv are the horizontal and vertical divergence angles subtended by the receiving slit; C = 6" 199 keV A,. Since there is an energy broadening A Eo due to the detector system, as mentioned before (Aitken, 1968) , the resolution parallelepiped should be convoluted by where the convolution of two Gaussian-type profiles with the full width at half maximum, AG2 and AGo, is assumed.
In the measurement of diffuse scattering such as that due to short-range ordering in a binary alloy it is not always necessary to have a fine resolution, because the observation is made by subdividing the Brillouin zone by a grid with interval l/M, where M is about 20.
If the dimensions of the resolution parallelepiped are allowed to be 1/20 of the size of the Brillouin zone, the corresponding AG2 is about 0"08 A,-1 for the case of an ordinary binary alloy with a lattice parameter of 4 A, On the other hand, AGo is 0.05 ,~ -1 for AEo=0"3 keV, which is almost the same order of magnitude as AG2. Thus, the correction due to AGo is not negligible.
From (2a), (2b) and (2c) it is recommended that the diffraction pattern should be collected with lowenergy X-rays at low scattering angles because of better resolution.
SRO diffuse scattering from disordered Au4Mn alloy
The measurement of SRO diffuse scattering from disordered Au4Mn alloy was examined by the present technique. The single-crystal specimen, quenched from 770 K, was that used in a neutron diffraction study by Nakashima, Mizuno, Ido, Sato, Mitani & Adachi (1977) (hereafter referred to as NMISMA) and also recently in an X-ray diffraction study by SHNA. The results from the three techniques can therefore be compared. Fig. 4 shows an energy spectrum obtained with an accumulation of the data for 2 ks at the setting 20 = 18 °. The corresponding range in reciprocal space is shown in the inset of the figure, where the expected SRO diffuse scattering is illustrated. There are three broad peaks between the marks A and B due to the SRO diffuse scattering. The two peaks marked by Ag Ka and Ag Kfl can be assigned to characteristic X-rays scattered inelastically from the sample, probably Compton scattering. Several peaks observed in the low-energy region are identified as fluorescent radiation from the specimen. This inevitable radiation from the specimen can be avoided by using 25-40 keV X-rays from the measurement of diffuse scattering. The measurements were made for 190 spectra with different values of X and ~0, so as to cover the volume in Fig. 5 with an interval of (1/20)a*, where a* is the unit length of the reciprocal lattice. The equi-intensity contours of the diffuse scattering obtained in this way on the (HKO) reciprocal-lattice plane are shown in Fig. 6 . We avoided collecting the diffraction data near the Bragg points in order to preserve the SSD from damage due to anomalously strong Bragg reflections. In the figure we see three well-resolved diffuse maxima along 3K0 (K = 1/4, 1/2, 3/4), but no resolved diffuse maxima along H10 with H from 3 to 4. This is because of the size-effect modulation existing in this Au4Mn alloy (see SHNA), in addition to the modulation due to the incident-beam spectrum. The observed data were then normalized on the basis of the spectral distribution of the incident beam which was determined from the measurements of the 333 and 444 integrated Bragg intensities from a perfect silicon single crystal at several scattering angles, 20 (Buras, Olsen, Gerward, Selsmark & Andersen, 1975) . Since the same detector can be utilized in the measurements of diffuse scattering and in the measurement of incident-beam spectra, quantum efficiency of the detector is not involved in the intensity data which are normalized by incident-beam spectra. This is a well known technique in diffractometry by a white X-ray source with a SSD system (Fukamachi & Hosoya, 1973) . As mentioned above, the intensity distribution thus obtained is represented by polar coordinates (E or Q, z, ~). Data were, then, converted into the normally used rectangular coordinate system with indices (H, K, L) by using an interpolation program. In this way 13013 data points were obtained for the zone shown in Fig. 5 with a grid of interval 0"05 a* and they were analysed to determine the Warren-Cowley SRO parameters by a least-squares-fitting procedure. The program originally written by Williams (1972) was modified in such a way that the parameters to be fixed could be selected. This program is based on the intensity formula for SRO diffuse scattering, in which the atomic displacement effect is expressed up to quadratic terms.
Besides, the ratios of fA/(fa--fA) and fB/(fA--fB) are taken to be constant over the whole volume of interest, wherefA andfB are atom form factors for A and B-type atoms, respectively. Determination of parameters relating to thermal and Huang scattering was not attempted in this analysis, because the information in the vicinity of the Bragg peak was insufficient. We could, however, determine relative values of the SRO parameter a~,., up to the 50th shell with a reliability index R = 20%, where R is defined by
R=
We
In this expression I o and I~ are the observed and calculated intensities for diffuse scattering, Wi is the weight given to the observation and n is the total number of points. In Table 1 As pointed out by NMISMA, not only lower-order SRO parameters but also medium-range-order parameters are significant. In addition, the following characteristics of the oq,,, parameters, predicted by SHNA, are also noticed; ezoo, e4oo, 0%oo and esoo have large positive values and o~31o and o~51o have appreciable negative values. By using the 0q,., parameters thus determined the SRO diffuse scattering is synthesized on the (HKO) reciprocal-lattice plane. It is compared with that given by SHNA in Fig. 7 .* In both the syntheses the o~ parameters up to the 50th shell are used. A cloverleaf-like intensity distribution with three diffuse maxima are fairly well reproduced.
When we compare more closely the two SRO diffuse scatterings in Fig. 7 it is seen that the maximum in Fig. 7(a) is somewhat broader than that in Fig. 7(b) . This is also recognized when comparison is made between the 0%,, parameters obtained by the two techniques. The decrease of 0q,,. parameter with the increase in lmn indices is slightly faster in the present than in SHNAs. As will be discussed later, this is not due to the difference of the size of the resolution parallelepiped because the size in the present study is *Direct comparison should be made between the diffuse intensity maps obtained by the two experiments. However, the regions in reciprocal space which can be measured by the two techniques are different; i.e. in the study of SHNA the diffuse scatterings were measured around the lower-order reciprocal-lattice points such as 1 I0, 210 etc., while in the present study such regions were concealed behind the inevitable radiation mentioned before. The comparison was thus made between the SRO diffuse scattering synthesized by both the studies. much smaller than that in the SHNA experiment. It probably arises from the fact that SRO parameters were determined by analyzing the diffuse scattering observed at a higher-order Brillouin zone, such as the 310 zone, where the pronounced size-effect modulation is known to exist. Conversely, the separation of the SRO diffuse scattering from other types of scattering could proceed fairly reasonably, but not properly, by the least-squares-fitting procedure, even though the measurement of diffuse scattering is made at such a higher-order Brillouin zone.
Discussion
Among the three advantages expected for energydispersive diffractometry, the first has many applications not only for the analysis of SRO diffuse scattering but also for the studies of structural phase transitions. It is particularly convenient to investigate the temperature and pressure dependence of the critical diffuse scattering, as simultaneous observations of the diffuse scattering in the vicinity of a point of interest in reciprocal space can be made. It is, however, not suitable for the studies of Huang scattering, especially that due to a long-range strain field arising from the existence of small defects in a crystal, and also for the studies of thermal diffuse scattering due to long-wavelength phonons. The reason is that the intrinsic resolution due to the SSD system is not sufficiently narrow to investigate precisely the diffuse scattering in close vicinity to the reciprocal points. Furthermore, the measurement along a line through the reciprocal-lattice points should be avoided because of anomalously strong Bragg reflections. Otherwise the efficiency of the detector may be reduced.
In the present examination it took about 90 h to complete the whole of the measurements, which was much longer than the time taken in the point-by-point measurement over the Borie-Sparks volume (Borie & Sparks, 1971 ) with an angle-dispersive technique; 40 h in the study of SHNA. For such a comparison, the difference between the instrumental resolutions of the two techniques must be taken into account, since the scattered X-rays received by a counter are proportional to the volume of the resolution parallelepiped in reciprocal space. In the present study a wellcollimated incident beam and a narrow receiving slit were used (AOh=2"O mrad, A0v=3"5 mrad, AtPh= A tpv=0-12 mrad) and, furthermore, the data were collected by setting a detector at low scattering angle: 20 = 18 °. In their experiment, SHNA used a rather wide divergent beam and a fairly wide slit (dOh=6"5 mrad, A0,.=6-0 mrad, Aqgh=Aq~,,=O.17 mrad) and the measurement was made at scattering angles from 20 to 90 °. The volume of the resolution parallelepiped in this study is therefore smaller than that in the case of SHNA's experiment by a factor of 1/2, even though X-rays of fairly high energy were used in this study. Thus, the effective measurement time is estimated to be half of the real measurement time, i.e. roughly 40 h. This means that the measurement time is not particularly shortened by the present energy-dispersive technique. It is obvious that this situation will be improved very much if a synchrotron-radiation source is used, because of its intense and clean white X-rays. The present study was actually aimed to test the feasibility of the use of white X-rays from a synchrotron radiation source to the measurement of diffuse scattering.
